


FINAL REPORT 

on 

EVALUATION OF SPACE SHUTTLE MAIN ENGIh'E BEARINGS 
FROM HIGH PRESSURE OXYGEN TURBOPUMP 9008 
(Contract No. NAS8-33576 - Task No. 102) 

to 

NATIONAL AERONAUTICS An'D SPACE ADMINISTRATION 
GEORGE C. MARSHALL SPACE FLIGHT CENTER 

K.F.  Dufrane and J.W. Kannel 

J u l y  11, 1980 

BATTELLE 
COLUMBUS LABORATORIES 

505 KING AVENUE 
COLUMBUS, OHIO 43201 



TABLE OF CONTENTS 

INTRODUCTION. . . . . . . . . . . . . . . . . . .  
. SUMMARY AND RECOMMENDATIONS . . . . . . . . . . .  

COMPONENT INSPECTION. . . . . . . . . . . . . . .  
Bearing S/N 9519531. . . . . . . . . . . . .  
Bearing S/N 8549515. . . . . . . . . . . . .  

LOAD ANI) STRESS ANALYSIS. . . . . . . . . . . . .  
General Approach . . . . . . . . . . . . . .  
Inputs  f o r  Bearing Load Calcula t ions  . . . .  
Estimation of Actual Loads and Fat igue Lives 

Measuring Units .  . . . . . . . . . . . . . .  

Page 

. . . . . .  1 

. . . . . .  2 

. . . . . .  3 

. . . . . .  3 

. . . . . .  15 

. . . . . .  18 

. . . . . .  18 

. . . . . .  22 

. . . . . .  22 

. . . . . .  28 

LIST OF FIGURES 

Figure  1. Ball-Path Spal l ing and Chipping a t  Edge of 
Race Curvature on Bearing S/N 8519531 . . . . .  4 

Figure 2,  P r o f i l e  of Burr a t  Edge of Race Curvature 
on Inner  Race of Bearing S/N 8519531. . . . . .  5 

Figure 3. Inner  Race Cross-Race Curvature Taken a t  
P o s i t i o n s  180 Degrees Apart on Bearing . . . . . . . . . . . . . . . . .  S/N 8549531.  7 

Figure 4. O u t e r  Race Cross-Race Curvature and Typical 
Non-Spalled B a l l  Roundness from 
Bearing S/N 8549531 . . . . . . . . . . . . . .  8 

Figure 5. Scanning Elec t ron  Micrographs of Surface Spa l l ing  
on Inner  Race of Bearing S/N 8519531. . . . . .  9 

Figure 6. Spa l l i ng  on B a l l  and Outer Race Surfaces  of . . . . . . . . . . . . . .  Bearing S/N 8519531 10 

Figure 7. Subsurface Cracking on Races of Bearing 
S/N8519531.  . . . . . . . . . . . . . . . . .  12 

i 



LIST OF FIGURES 
(.CONTINUED ) 

Page 

' Figure  8. Oxide i n  Subsurface Cracks on Races of 
Bearing S/N 8519531. . . . . . . . . . . . . .  13 

Figure  9. Ball Pocket Elongated by Wear i n  Reta iner  
from Bearing S/N 8519531 . . . . . . . . . . .  16 

'Figure 10. Inner  Race Cross-Race Curvatures Taken a t  
P o s i t i o n s  180 Degrees Apart on Bearing . . . . . . . . . . . . . . . . .  S/N 8549515. 19 

Figure 11. Outer Race Cross-Race Curvature and Typical 
B a l l  Roundness from Bearing 8549515. . . . . .  20 

Figure 12 .  Location of Measured Bal1,Contact  Paths  on 
Bearing S/N 8549531. . . . . . . . . . . . . .  23 

Figure  13. Location of Measured Ball Contact Paths  on 
Bearing S/N 8549531. . . . . . . . . . . . . .  24 

Figure 14. Location of Measured Ball Contact Pa ths  on 
Bearing S/N 8549515. . . . . . . . . . . . . .  25 

LIST OF TABLES 

Table 1. Microhardness Readings Taken Across Region of 
Subsurface Cracks on Races of Bearing S/N 95319531. 14 

Table 2.  Ball Pocket Dimensions on Reta iner  from Bearing . . . . . . . . . . . . . . . . . .  S/N 8519531. 17 

Table 3. Summary of Bearing S t r e s s  Computations . . . . . .  27 

ii 



EVALUATION OF SPACE SHUTTLE M A I N  ENGINE BEARINGS 
FROM HIGH PRESSURE OXYGEN TTJRBOPW 9008 

K.F. Dufrane and J . W .  Kannel 

INTRODUCTION 

NASA i s  cu r ren t ly  involved i n  t h e  development of l ong- l i f e  

turbopumps f o r  u se  on t h e  s h u t t l e .  

t h e  s h u t t l e ,  l i f e t i m e s  of 27,000 seconds (7.5 hours) are being sought ,  

whereas most turbopumps t o  da t e  have operated f o r  per iods of on the o rde r  

of only hundreds of seconds. 

i n  e f f o r t s  t c  achieve s a t i s f a c t o r y  l i f e t i m e s ,  t h e  turbopump mainshaft  

support  bear ings a r e  of p a r t i c u l a r  concern. In support  of t h e s e  

e f f o r t s ,  Battelle's Columbus Laborator ies  (BCL) undertook a l-month 

s tudy t o  examine a used set of bear ings and t o  recommend the  subsequent 

s t e p s  needed t o  achieve  t h e  des i red  l i f e t i m e s .  

Because of t he  r eusab le  des ign  of 

While a l l  components are being considered 

The two bear ings  examined were run  i n  the  high p res su re  oxygen 

turbopump No. 9008 on Engine No. 2004. The bear ings  are angular-contact 

b a l l  bear ings ,  appl ied  as a preloaded p a i r ,  locked t o  t h e  s h a f t ,  i n n e r  

r ace  r o t a t i n g ,  w i t h  t h e  ou te r  races  unres t ra ined  a x i a l l y  (i.e.,  t h e  

bear ings  provide r a d i a l  l oca t ion  only) .  

s tudy were S/N 8549515 (Pos i t ion  No. 4 )  and S/N 8549531 (Pos i t i on  No. 3) 

from the tu rb ine  end. The engine repor ted ly  had experienced seven 

starts and had run  a t o t a l  of 2406 seconds,  of which 1090 seconds 

were a t  f u l l  power load (109 percent  of speed).  

The bear ings  examined i n  the  

Battelle's s p e c i f i c  ob jec t ives  i n  t h e  s tudy were: 

(1) Perform a v i s u a l ,  scanning e l e c t r o n  

microscopy (SEX), me ta l lu rg ica l ,  and 

dimensional ana lys i s  of the  bear ings  

(as needed) 
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(2) E s t i m a t e  t h e  na ture  and magnitude of 

t h e  loads  appl ied t o  t h e  bear ings  based 

. on the  contact  p a t t e r n s  

(3) Recommend f u r t h e r  a n a l y t i c a l  e f f o r t s  

requi red  and any design,  material, 

o r  l u b r i c a t i o n  changes t h a t  w i l l  

improve t h e  d u r a b i l i t y  of t he  bear ings .  

SUMMARY AND RECOMMENDATIONS 

The examinations and load c a l c u l a t i o n s  made on the  two bea r ings  

have shown that one of t h e  bear ings,  S/N 8549531, had been subjec ted  t o  

severe  overloads.  The overloads r e s u l t e d  i n  ex tens ive  f a t i g u e  s p a l l i n g  

on the  races and b a l l s  and advanced r e t a i n e r  wear. Axial loads  as h igh  

as 45,000 N (10,000 pounds) wi th  r a d i a l  loads of 8900 N (2000 pounds) 

were est imated.  

loads  are less than 100 seconds, which w a s  confirmed by t h e  presence 

of t h e  ex tens ive  f a t i g u e  s p a l l i n g .  The mating bear ing ,  S/N 8549515, 

was  subjec ted  t o  a 3200 N (850 pounds) axial  load wi th  a 8900 N 

(2000 pounds) r a d i a l  load. 

t h e  B1 f a t i g u e  l i f e  p red ic t ion  f o r  i t  was a l s o  reduced t o  between 

1400 and 7900 seconds as opposed t o  more than 20,000 seconds wi th  

intended design loads .  

B1 f a t i g u e  l i f e  p red ic t ions  corresponding t o  these  

Because of t h e  unintended r a d i a l  l oad ,  

The h igh  appl ied  bear ing loads  lead ing  t o  f a t i g u e  s p a l l i n g  

i s  c l e a r  evidence of t h e  presence of unintended high i n t e r n a l  loads  

i n  t h e  h igh  pressure  oxygen pump. 

damage t o  t h e  bear ing i n  Pos i t i on  No. 3 (S/N 8549531) and complete bea r ing  

f a i l u r e  lead ing  t o  ex tens ive  secondary pump damage was almost c e r t a i n l y  

imminent. 

These loads caused ex tens ive  f a t i g u e  
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Based upon these  f ind ings ,  a c t i o n  must be i n i t i a t e d  t o  reduce 

t h e  appl ied  bear ing loads  t o  levels wi th in  the  bear ing  to l e rance  

c a p a b i l i t i e s  (.the pump design loads are reasonable  t o  o b t a i n  t h e  

necessary l i f e  from the bear ings) .  A l t e rna t ive ly ,  i f  t h e  source of 

of t h e  excessive loads  cannot be i d e n t i f i e d  o r  r e l i a b l y  c o n t r o l l e d ,  
' 1  design changes must be  made t o  incorpora te  a bear ing  of s u f f i c i e n t  

s i z e  t o  withstand the  h igh  loads.  

loading on bear ings  from t h e  turbopumps sugges ts  t h a t  exe rc i s ing  a t  

l e a s t  one of t hese  opt ions  w i l l  be  c r i t i c a l  t o  a t t a i n i n g  t h e  r e l i a b i l i t y  

appropr ia te  f o r  a SSME turbopump. 

The repeated experience of excess ive  

COMPONENT INSPECTION 

'Bearing S/N 9519531 

Races - 
The races of bear ing 8519531 were both heavi ly  s p a l l e d  i n  

t h e  b a l l  contac t  path,  which ind ica ted  opera t ion  under d i s t r e s s .  The 

inner  r a c e  had a heavi ly  worn and deformed region a t  t h e  shoulder  

po r t ion  of t he  race su r face .  

as shown i n  F igure  1. The edge was a l s o  p l a s t i c a l l y  deformed s l i g h t l y ,  

as shown i n  Figure 2 .  The contact  pa th  on the  inner  race showed some 

evidence of a synchronous r ad ia l  load combined wi th  a h igh  t h r u s t  loading.  

The heav i ly  worn and deformed path extended from the  shoulder  ( t h e  chamfer 

w a s  completely removed) t o  3.81 mm (0.150 inch) a t  one extreme to 3.55 mm 

(0.140 inch)  a t  t h e  o the r  extreme, loca ted  180 degrees  a p a r t .  Extending 

beyond t h e  worn reg ion  was  a band of p i t s  varying i n  width from 1.40 mm 

(0.055 inch)  t o  2.54  mm (0.10 inch)  wi th  t h e  wider po r t ion  corresponding 

t o  3.81 mm (0.150 inch)  worn por t ion .  Superimposed on t h e  worn r eg ion  

w a s  a narrow dark  band (apparently t h e  edge of contac t  f o r  some pe r iod  

of opera t ion  subsequent t o  t h e  high-wear per iod) .  

p o s i t i o n ,  from 2.92 mm (0.115 inch) t o  3.68 mm (0.145 inch ) .  

The edge of t h e  race curva ture  w a s  chipped,  

It also var i ed  i n  
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8X OK928 

FIGURE 1. BALL-PATH SPALLING AND CHIPPING AT EDGE 
OF RACE CURVATURE ON BEARING 
S/M 8519531 
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FIGURE 2 .  PROFILE OF BURR AT EDGE OF RACE CLTRVATURE Oh’ 
INNER RACE OF BEARING S/N 8519531. 

Magnif icat ions:  V e r t i c a l ,  each small d i v i s i o n  = 
0.0051 mm (0.0002 inch) ; Horizontal ,  each small 
d i v i s i o n  = 0.051 mm (0.002 inch) 

. 
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Cross-race curvature  measurements a t  t h e  extremes of t h e  

v z r i a t i o n  i n  t r a c k  l o c a t i o n  confirmed the  material removal. As shown 

i n  Figure 3 ,  t h e  wear depth a t  t he  shoulder var ied  from approximately 

0.15 mm (0.006 inch)  t o  0.10 mm ( 0 . 0 0 4  inch) .  Since t h e  b u r r  at the  

edge, shown i n  Figure 2 ,  does not  have a volume s u f f i c i e n t  t o  account 

f o r  t h e  material loss on t h e  r a c e ,  t h e  loss occurred by wear .  
' 

The ou te r  race a l s o  showed evidence of heavy b a l l  c o n t a c t  

over a major por t ion  of t h e  race curva ture ,  inc luding  a band of heavy 

p i t t i n g .  The contac t  pa ths  were skewed s l i g h t l y ,  which on t h e  o u t e r  

r a c e  is  the  r e s u l t  of misalignment and/or a f ixed  r a d i a l  load  super- 

imposed on the  axial  load.  A t  one extreme, the  contac t  s t a r t e d  a t  

0.76 mm (0.030 inch)  from t h e  chamfer and extended i n  a smooth worn 

band f o r  2.29 mm (0.090 inch ) .  A t  t h e  edge of t h i s  wear band w a s  a 

band of heavy p i t t i n g  measuring approximately 2 . 4  mm (0.095 inch)  w i d e .  

Extending beyond the  band of p i t s  w a s  another smoothly worn, darkened 

band 5.1 mm (0.200 inch)  w i d e .  

t h e  above desc r ip t ion ,  t h e  o ther  extreme i n  t r a c k  l o c a t i o n  w a s  l oca t ed .  

The l o c a t i o n  of t h e  f i r s t  smoothly worn band extended t o  t h e  edge of 

t h e  chamfer. 

and w a s  only 0.76 mm (0.030 inch) wide. Beyond t h e  band of p i t s ,  t he  

second smoothly worn band measured 6.35 mm (0.250 inch)  wide. Loca t ions  

of t hese  t r a c k  p o s i t i o n s  a r e  shown graphica l ly  i n  Figures  6 ,  1 2 ,  and 13, 
which w e r e  used t o  measure t h e  contac t  angles as p a r t  of t h e  load-est imate  

ca l cu la t ions .  

In  t h e  pos i t i on  a t  180 degrees  from 

The band of p i t t i n g  was much less severe i n  t h i s  l o c a t i o n  

Cross-race curvature  measurements with a Talyrond revea led  

a c e n t r a l l y  loca ted  c i r cumfe ren t i a l  groove i n  t h e  r ace  approximately 

0.013 mm (0.0005 inch)  deep, Figure 4(a) .  

on the  band of s p a l l i n g ,  bu t  did inc lude  a por t ion  of it. 

i t  was a l s o  pr imar i ly  t h e  r e s u l t  of w e a r ,  s imilar t o  t h e  wear bands 

on t h e  inner  race. 

This groove w a s  n o t  cen tered  

Apparently 

Observation of t h e  races by scanning e l e c t r o n  microscopy (Sm) 
revea led  t h e  p i t s  t o  be jagged and s t e e p  s ided ,  Figures  5 and 6 ( b ) .  

Such p i t s  on bear ing races are c h a r a c t e r i s t i c  of f a t i g u e  s p a l l s .  
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Metal lographic  s e c t i o n s  of the races revealed t h a t  t h e  subsur face  

damage was much more ex tens ive  than apparent by the  s p a l l s  a t  t h e  su r faces .  

Examples are shown in  Figure  7 of t h e  widespread subsurface c racking  below 

t h e  r e l a t i v e l y  s m a l l  f a t i g u e  p i t s  a t  t h e  sur face .  The depth of t h e  major 

cracks was approximately 0.14 m (0.005 inch) .  

A t  h igher  magnif icat ion,  Figure 8, t h e  cracks were found t o  be 

oxidized i n  many areas. 
l i q u i d  oxygen, no similar oxida t ion  w a s  observed a t  t h e  f ree  bea r ing  

su r faces ,  

e leva ted  temperature,  a microhardness t r ave r se  was made ac ross  t h e  

cracked region i n t o  t h e  base  material. As shown i n  Table 1, t h e r e  

w a s  no d e f i n i t e  t rend  of low hardness readings t o  i n d i c a t e  tempering 

assoc ia ted  with e leva ted  temperatures.  

cracks probably r e s u l t e d  from t h e  indentor  being too c l o s e  t o  t h e  

edge t o  be proper ly  supported.  

Although t h e  bear ings ope ra t e  i n  a b a t h  of 

Since oxida t ion  a t  t h e  cracks would seemingly r equ i r e  an 

The lower readings  near  t h e  

Examination of t h e  micros t ruc ture  a f t e r  e tch ing  confirmed 

the absence of tempering. 

su r f ace  hea t ing  during repeated app l i ca t ions  of r o l l i n g  contac t  stress. 

Any widepsread hea t ing  of t h e  a r e a  would e i t h e r  temper t h e  steel t o  

a lower hardness o r  would leave  a heat-affected zone i f  i t  were re- 

hardened. 

would be  expected t o  cause an oxida t ion  of t h e  f r e e  su r faces  as w e l l .  

Therefore ,  i f  t h e  formation of oxides i n  t h e  cracks r equ i r e s  an 

e leva ted  temperature,  i t  was apparent ly  r e s t r i c t e d  t o  a very  t h i n  

depth a t  the  crack sur faces .  

Possibly t h e  oxide r e s u l t e d  from l o c a l i z e d  

A hea t ing  of t h e  e n t i r e  race t o  above c r i t i c a l  temperatures  

Balls 

Since only h a l f  of each race and s i x  of t h e  t h i r t e e n  b a l l s  were 

suppl ied  f o r  i n spec t ion ,  a complete assessment of t h e  damage could not 

b e  made. Of the  s ix  b a l l s  received,  one had a small spa l l ed  area, one 

had a l a r g e  spa l l ed  area, and f o u r  were r e l a t i v e l y  smooth. 

reg ion  of one of t h e  b a l l s  i s  shown i n  Figure 6 ( a ) ,  and a Talyrond 

t r a c e  of an unspalled b a l l  i s  shown i n  Figure 4(b) .  Ba l l  damage is 

expected a f t e r  race s p a l l i n g  occurs ,  and t h e  damage observed on the 

b a l l s  w a s  no t  considered t o  be ex tens ive  i n  view of t h e  heavy r a c e  

s p a l l i n g  and w e a r .  

A s p a l l e d  
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FIGURE 7. SUBSURFACE CRACKING ON RACES OF BEARING S/N 8519531 
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FIGURE 8. OXIDE I N  SUBSURFACE CRACKS ON RACES 
OF BEARING S/N 8519531 
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